The effect of moisture on the photon-enhanced negative bias thermal instability in Ga-In-Zn-O thin film transistors Kwang We investigated the impact of photon irradiation on the stability of gallium-indium-zinc oxide ͑GIZO͒ thin film transistors. The application of light on the negative bias temperature stress ͑NBTS͒ accelerated the negative displacement of the threshold voltage ͑V th ͒. This phenomenon can be attributed to the trapping of the photon-induced carriers into the gate dielectric/channel interface or the gate dielectric bulk. Interestingly, the negative V th shift under photon-enhanced NBTS condition worsened in relatively humid environments. It is suggested that moisture is a significant parameter that induces the degradation of bias-stressed GIZO transistors. © 2009 American Institute of Physics. ͓doi:10.1063/1.3272015͔
Active-matrix ͑AM͒ liquid crystal display ͑LCD͒ devices are nowadays the major constituents of flat panel display products that use amorphous Si ͑a-Si͒ thin-film transistors ͑TFTs͒ as gate driver and pixel switching devices. However, the growth of high-end commercial market with high-resolution such as ultradefinition ͑2000ϫ 4000͒, high frame rate ͑Ͼ120 Hz͒, and size larger than 50 in. necessitates the development of high-performance transistors ͑with field-effect mobility Ͼ3 cm 2 / V s͒. 1 Amorphous galliumindium-zinc oxide ͑GIZO͒ TFTs are promising alternatives to a-Si TFTs that exhibit relatively low field effect mobility ͑ FE , ϳ0.5 cm 2 / Vs͒, owing to their high mobility values and moderate device stability. [2] [3] [4] [5] Although high mobility ͑Ͼ10 cm 2 / V s͒ GIZO TFTs can be easily fabricated, the obstacles that delay their incorporation into commercial products have not been investigated in detail yet. Previous studies reported on the gate bias instability of various oxide TFTs. [6] [7] [8] [9] [10] Electron trapping at the gate dielectric/channel interface or gate-field induced oxygen adsorption were determined to cause the positive V th shift under positive bias stress. 6, 10 Nevertheless, in a commercial AMLCD device, the switching transistor that experiences a continuous pulsed gate voltage is also exposed to light, which is inevitable due to the presence of the back light unit underneath. In particular, the total duration of the negative gate bias applied on the switching transistor is larger than that of the positive gate bias by more than 500 times in the case of AMLCD products. Thus, device degradation by negative bias illumination temperature stress ͑NBITS͒ is a critical problem to be resolved, which reflects the importance of studying the impact of photon exposure on the negative bias temperature stress ͑NBTS͒ of GIZO TFTs. Recently, Shin et al. 11 reported that negative shift in the V th of illuminated ZnO TFTs under negative bias stress is more problematic than positive V th shift under illuminated positive bias stress.
In this letter, we describe the effects of moisture on the photon-enhanced NBTS ͑or alternatively, NBITS͒ of GIZO TFTs. It is proposed that water-related metastable charge traps could be one of the main origins of the device instability observed in our work.
A bottom gate GIZO TFT structure with top contact configuration was fabricated, as shown in Fig. 1͑a͒ , which is similar to that of conventional a-Si TFTs. The detailed fabrication process is reported elsewhere.
1 The device was formed without any passivation layer on the GIZO film. 4200-SCS parameter analyzer in a vacuum chamber system, as shown in Fig. 1͑b͒ , which consists of a heating stage, a halogen lamp, a feeding system of N 2 , air, and water vapor. During the illumination stress test, the illuminance from a white halogen lamp on the device surface was fixed to 180 lumen/ m 2 . The experiments were performed in vacuum ͑0% relative humidity͒ or 1 atm N 2 atmospheres for each relative humidity in order to eliminate the effect of oxygen molecules or moisture on the unpassivated device. The instability measurement procedure is as follows. First, the chamber system was evacuated down to 10 −6 torr. Meanwhile the sample stage was heated up to 60°C. Then, N 2 gas was fed into the chamber until the chamber pressure reached ϳ1 atm. After that, moisture for each relative humidity condition was supplied into the measurement system by bubbling N 2 gas through distilled water. Then, the specific gate and drain biases were applied to the GIZO TFTs, followed by the application of light. The stress experiment is considered to begin with the illumination.
Figures 2͑a͒ and 2͑b͒ show the evolution of the transfer curves as a function of the NBITS time in different environments, each with a relative humidity value of 0% and 70%, respectively. The devices were stressed under the following conditions: the gate-source voltage ͑V GS ͒ and drain-source voltage ͑V DS ͒ were fixed to Ϫ20 and 10 V, respectively. The V th and the FE for the saturation region were extracted from the drain-source current ͑I DS ͒-V GS characteristics, in compliance with the gradual channel approximation theory. 3, 12 In addition, the subthreshold gate swing ͓SS= dV GS / d log I DS ͑V/decade͔͒ was extracted from the linear portion of the log I DS versus V GS plot. A pristine device with channel dimensions width/ length= 90/ 8 m exhibits a FE value of 9.2 cm 2 / V s, SS value of 0.29 V/decade, and V th of 0.0 V. It can be seen that in a humidity-free ambient the V th shifts rapidly to Ϫ2.6 V during the first 30 min of NBITS and moves gradually to Ϫ6.6 V after a total NBITS time of 3 h. However, variations in FE and SS are not significant. Here it should be noted that identical NBTS experiments without light illumination result in much smaller negative V th shifts ͑ϳ−1.5 V͒ after 3 h of stress, so it is reasonable to conclude that light illumination accelerates the V th shift under NBTS conditions. Such gate-bias dependent parallel shifts in the transfer curves that involve oxide TFTs have been frequently reported in the literature, which is dissimilar to what is generally observed in a-Si TFTs, where substantial increase in subthreshold drain current is more pronounced compared to the transfer curve shift. 6, 13 The negligible change in SS values in our work indicates that charge trapping rather than defect creation in the bulk channel layer is the dominant degradation mechanism. This suggests that photogeneration of carriers and subsequent temporal charge trapping may be responsible for the enhanced V th negative shift.
In order to obtain information regarding the impact of moisture on NBITS-dependent V th instability of GIZO TFTs, the relative humidity within the vacuum measurement system was split into three conditions: 30%, 46%, and 70%. Figure 2͑b͒ shows the influence of water vapor ͑70% humidity͒ under identical NBITS. As seen in the results obtained from a humidity-free environment, the FE and SS variations were not significant: only the V th shifted severely. The negative V th shift increased to 18.0 V after NBITS for 3 h, suggesting that the existence of external molecules on the GIZO surface, bulk or at the SiN x / GIZO interface is one of the main origins of the photoenhanced NBTS instability. Here, it is noted that devices with a 200 nm thick SiO x passivation exhibit much reduced V th shifts. For example, at 70% humidity, the V th shift of passivated devices was approximately 10.0 V after NBITS of 3 h, which may be attributed to the partial screening of the ambient effects on the back-channel surface. It is quite interesting to discuss the plausible mecha- nism that governs this detrimental effect. Figure 3͑a͒ shows a schematic band diagram to help explain what might be occurring within the device. The upward band bending results from the negative voltage bias at the gate. Light exposure is then thought to induce optical excitation of electrons from the valence band to midgap trap states, which simultaneously generates free hole carriers in the GIZO bulk layer or at the SiN x /channel interface. Such free holes would be attracted to and accumulate at the interface by the applied negative gate voltage. If the free positive carriers remain trapped at the temporal interfacial states or penetrate the underlying gate dielectric, as shown in Fig. 3͑a͒ , the screening effect by the trapped or injected holes would result in a negative V th shift. Now it is tentatively suggested that the water related molecules or complexes may act as carrier trap centers. Water molecules supplied by the ambient would generate metastable gap states, leading to a large number of trapped electrons and eventual increase in hole carrier density, and finally exhibiting larger negative V th shifts. Figure 3͑b͒ shows the variation of V th shift as a function of the applied NBITS time for the different humidity conditions. The negative V th shift is indeed highly sensitive to the water content in the ambient, and so to the amount of moisture supplied to the channel. The negative V th shift values are 6.3, 9.8, 14.0, and 18.0 V at relative humidity values of 0%, 30%, 46%, and 70%, respectively, after the application of NBITS for 3 h. These support the plausibility of the suggested degradation mechanism. Recently, Lopes et al. 14 claimed that residual water-related trap sites are one of the origins of threshold voltage instability of GIZO TFTs, where water diffusing into the gate dielectric/ channel interface may generate deep carrier traps leading to V th shifts. The mechanism proposed herein, which involves the creation of water-related defects acting as electron traps, is consistent with former observations where negative V th shifts are accelerated by exposing the GIZO surface to water vapor. However, the following alternative could also be considered: the negative V th shift by water vapor would originate from an increase in the free electron concentration within the entire channel because water molecules on the GIZO surface may also act as shallow donors. 15 Therefore, thorough examinations regarding the origin of the NBITS instability are necessary, which shall include calculations of the electronic structure including water-related and/or photoinduced metastable defect states. In summary, it was shown that the negative gate bias instability, which is accelerated by light illumination, is even more affected when subjected to humid environments. Accordingly, careful integration processes should be developed so as to avoid the diffusion of moisture into the oxide channel layer or prevent the creation of water-related defects. It will then be possible to incorporate GIZO TFTs into highend large-size and high-resolution AMLCD panel backplanes.
J.K.J acknowledges the support of Inha University Research Grant ͑Grant No. INHA-39250͒.
